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Geoneutrinos can provide a unique insight into Earth’s interior, its central engine and its formation
history. We study the detection of geoneutrinos in large direct detection experiments, which has been
considered non-feasible. We compute the geoneutrino-induced electron and nuclear recoil spectra
in different materials, under several optimistic assumptions. We identify germanium as the most
promising target element due to the low nuclear recoil energy threshold that could be achieved. The
minimum exposure required for detection would be O(10) tonne-years. The realistic low thresholds
achievable in germanium and silicon permit the detection of 40K geoneutrinos. These are particularly
important to determine Earth’s formation history but they are below the kinematic threshold of
inverse beta decay, the detection process used in scintillator-based experiments.
I. INTRODUCTION
The nature of dark matter (DM) remains one of the
most pressing issues in modern physics. While weakly
interacting massive particles (WIMPs) remain a theo-
retically well-motivated DM candidate, despite signifi-
cant efforts no convincing detection signatures have been
observed and a sizable portion of the allowed parame-
ter space has been constrained. Planned next generation
large scale direct detection experiments will further ex-
plore the uncharted corners of WIMP interaction type,
candidate mass and cross section. The experiments will
eventually encounter an irreducible background due to
coherent neutrino-nuclear interactions of solar as well as
other neutrinos, i.e. the “neutrino floor” (e.g. [1–3]). The
neutrino floor can obfuscate the potential DM signal.
Hence, this could constitute a major obstacle in making
definitive statements regarding DM observations. How-
ever, the neutrino signal, which experiments will surely
observe, as well as possible other sources, constitute in
themselves interesting targets of exploration. It is thus
imperative and timely to fully explore the scientific scope
of large direct detection experiments beyond their main
scope as DM detectors.
The next generation of large scale direct detection ex-
periments constitute a promising venue as neutrino de-
tectors. This has been bolstered by the recent detection of
the coherent neutrino-nucleus scattering by the COHER-
ENT experiment [4]. Both coherent neutrino-nucleus as
well as elastic electron-neutrino scatterings in direct de-
tection experiments have already been employed in a
range of studies to assess future detection capabilities
within the context of neutrino-related physics, including
sterile neutrinos (e.g. [5, 6]), non-standard neutrino inter-
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actions (e.g. [7, 8]), supernovae explosions [9], solar neu-
trinos (e.g. [6, 10–12]) as well as DM annihilations [13].
Geoneutrinos (see e.g. [14] for review) are anti-
neutrinos νe that originate from radioactive decays of
uranium 238U, thorium 232Th and potassium 40K within
the Earth’s interior. They provide a unique insight into
the Earth’s composition, heat production mechanisms as
well as its thermal evolution and formation. In particu-
lar, geoneutrinos can reveal crucial information about the
Earth’s energy budget, a fundamental quantity in geol-
ogy. They allow one to establish which fraction of energy
originates from ongoing radiogenic decays of heat pro-
ducing elements and which is primordial, associated with
Earth’s formation history. Furthermore, geoneutrinos can
test the hypothetical Earth’s central reactor, proposed to
source the Earth’s magnetic field [15].
The study of geoneutrinos finally became a possibility
with recent developments of neutrino detectors. Geoneu-
trino observations have been reported by the Kam-
LAND [16] and Borexino experiments [17], through in-
verse beta decay (IBD) νe + p → e+ + n interactions
within scintillator materials. Large uncertainties, origi-
nating from low statistics and high backgrounds, do not
allow experiments to make definitive statements regard-
ing geophysics at the current stage. Further progress is
expected with future scintillator-based experiments such
as SNO+ [18], JUNO [19, 20], HANOHANO [21] and Jin-
ping [22–24]. Directional detection experiments that uti-
lize electron-neutrino scattering have also been put for-
ward [25, 26].
Following earlier work in the field (e.g. [2]), a potential
geoneutrino signal in direct detection experiments has
been largely neglected, assumed to be too small for detec-
tion. Given the status of experimental searches, the plans
for larger detectors as well as recent interest in geoneu-
trinos, it is timely to revisit this issue and reassess the
geoneutrino observation potential of future large-scale di-
rect detection experiments. This is the main purpose of
this work.
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2Target A(Z) Isotope Energy Max
Material Fraction Threshold Energy
[eVnr] [eVnr]
xenon(Xe) 128(54) 0.019 100 267
129(54) 0.264
130(54) 0.041
131(54) 0.212
132(54) 0.269
134(54) 0.104
136(54) 0.089
argon(Ar) 40(18) 0.996 100 855
germanium(Ge) 70(32) 0.208 40 489
72(32) 0.275
73(32) 0.077
74(32) 0.363
76(32) 0.076
silicon(Si) 28(14) 0.922 78 1221
29(14) 0.047
30(14) 0.031
TABLE I: Considered experimental configurations. The
last column shows the maximum energy of our region of
interest.
II. LARGE DIRECT DETECTION
EXPERIMENTS
A variety of proposals for the next generation multi-
ton scale direct detection experiments have been put
forth [27]. Due to the inherent uncertainty in the final
designs, making definitive statements about their scien-
tific capabilities requires making assumptions about their
composition, energy threshold and backgrounds. We ex-
plore several of the most likely detector configurations,
based on xenon(Xe), germanium(Ge), argon(Ar) and sil-
icon(Si), assuming optimistic design realizations.
In Table I we list the experimental setups we consider,
each with a different target element. We do not include
isotopic abundances of elements that contribute less than
1%. We optimistically assume that experiments have
perfect detection efficiency and energy resolution. Fur-
thermore, when considering neutrino coherent interac-
tions with the nuclei the expected background is assumed
to arise exclusively from neutrinos. This allows to treat
all the analyses on the same footing and provide results
independent of specific configurations that could change
in the future. The same assumption is not realistic for
neutrino-electron scattering, since the backgrounds there
are expected to be significant. Thus, we do not analyze
this channel.
The reactor neutrino background as well as the geoneu-
trino signal depend sensitively on the location of the ex-
periment. We assume that the experiment is located in
the Jinping Underground Laboratory in China, where the
expected geoneutrino signal is the largest and the reac-
tor background is small. Its depth (6720 m.w.e.) ensures
that the background due to cosmogenic muons will be
FIG. 1: Neutrino flux components for Jinping location.
Geoneutrino signal as well as solar and reactor neutrino
backgrounds are shown.
highly suppressed.
Recent analyses of xenon-based detectors, such as
XENON1T [28, 29] and LUX [30], set nuclear recoil
thresholds of a few keV, when employing both scintilla-
tion and ionization signals. These experiments can go to
even lower recoil energies when using only their ionization
signal, although their background rejection in this oper-
ation mode is less efficient. In this way the XENON100
collaboration lowered its threshold to 0.7 keV for nuclear
recoils [31]. Thresholds as low as 0.1 keV have been used
in some projections for future detectors, such as LZ [32].
Similarly, the argon-based DarkSide-50 was able to lower
its threshold for nuclear recoils to 0.6 keV with an anal-
ysis of only the ionization signal [33] (although their offi-
cial analysis has some-what higher thresholds [34]). As-
suming optimistic realizations of future noble-gas based
experiments, we use a threshold of 0.1 keV for xenon as
well as argon.
Germanium and silicon will both be used in the future
SuperCDMS SNOLAB experiment. With their HV (high
voltage) detectors SuperCDMS has the capacity to reach
the nuclear recoil thresholds of 40 eV and 78 eV (see Table
VII of Ref. [35]). We adopt these values here.
In order to maximize the geoneutrino signal when
studying nuclear recoils, we will use data within a region
of interest (ROI) defined by the recoil energies between
the assumed experimental threshold energy and the max-
imum energy that can be imparted by any geoneutrino
(see Table I).
III. GEONEUTRINO SIGNAL AND
BACKGROUND
The geoneutrino signal as well as reactor and solar neu-
trino background components are displayed in Figure 1.
3FIG. 2: The geoneutrino νe spectrum expected from
238U, 232Th and 40K decay chains. Dotted vertical line
at 1.8 MeV represents the kinematic threshold for IBD
interactions. Reproduced from [16].
We describe them in more detail in the section below.
A. Geoneutrino signal
1. Spectrum
The radioactive decays of 238U, 232Th and 40K are re-
sponsible for more than 99% of the Earth’s radiogenic
heat. These elements decay via a series of α and β−
processes, which terminate at stable isotopes. Each β−
decay results in the emission of νe. Comprehensive com-
putations are needed to obtain the overall resulting νe
spectrum for each decay chain, including the spectral
shapes and rates of individual decays for more than 80
different branches in each chain [36]. In Fig. 2 we display
the resulting geoneutrino spectra for each element used in
our study, as shown in Ref. [16]. Note that the kinematic
threshold of 1.8 MeV for inverse-beta decay (IBD) inter-
actions makes detectors based on this reaction insensitive
to geoneutrinos generated from the 40K decays.
2. Flux normalization
The geoneutrino flux expected in different locations
strongly depends on the amount and distribution of heat
producing elements within Earth. The Earth’s surface
heat flow of 47±2 TW [37] is composed partly of heat gen-
erated by radioactive decays in the crust and mantle and
partly of heat from the secular planet cooling (i.e. pri-
mordial heat that is byproduct of the Earth’s formation).
While the crust contributions are relatively well known,
the contributions from the mantle remain highly uncer-
tain. The predicted radiogenic heat, originating from the
heat producing elements, varies greatly between different
bulk silicate Earth models [38], which do not include the
Earth’s metallic core. The models can be generally clas-
sified as cosmochemical, geochemical and geodynamical,
which make radiogenic heat predictions of 11 ± 2 TW,
17± 3 and 33± 3 TW, respectively.
To maximize the geoneutrino signal, we consider the
most optimistic scenario of 100% of Earth’s heat be-
ing radiogenic, i.e. Earth’s radiogenic heat comprising
∼ 47 TW [14]. This choice is compatible with current
geoneutrino measurements within few standard devia-
tions [39]. The location-dependent geoneutrino flux is
particularly sensitive to the amount of crust beneath the
laboratory site, which contains the largest portion of heat
producing elements. Due to this reason, as well as sub-
stantial distance to the closest nuclear reactors, Jinping
Underground Laboratory, situated near the Himalayan
mountains in China where the amount of crust is maxi-
mal, has been previously identified as a favorable location
for geoneutrino detection [24]. In principle, the geoneu-
trino flux is calculated by summing contributions from
each Earth grid component, using a detailed geological
map specifying heat producing element distribution and
abundance. Assuming a nearly fully radiogenic Earth,
we take the geoneutrino flux at Jinping (see Fig. 6 of
Ref. [23]) corresponding to & 90 TNU (terrestrial natu-
ral units), which is ∼ 2.5 larger (see Fig. 2 of Ref. [24])
than the computed flux for each radiogenic component
at the SNOLab (Sudbury, Canada) using the Reference
Earth Model (see Table 2 of Ref. [40]). The geoneutrino
fluxes we adopt are provided in Table II. The correspond-
ing flux uncertainties are taken from Ref. [40].
Neutrino Flux Max Energy
Component [cm−2s−1] Eν [MeV]
Geo(νe, 40K) 5.47(1± 0.006)× 107 1.32
Geo(νe, 238U) 1.22(1± 0.012)× 107 3.99
Geo(νe, 232Th) 1.14(1± 0.300)× 107 2.26
TABLE II: Geoneutrino signal flux.
B. Neutrino background
Since the geoneutrino signal ceases at neutrino energies
above ∼ 5 MeV, we shall only consider the backgrounds
due to solar and reactor neutrinos (see Fig. 1), which
dominate at energies Eν . 20 MeV. At higher neutrino
energies, contributions from atmospheric and diffuse su-
pernova neutrinos also become important.
1. Solar neutrinos
Solar electron neutrinos νe are produced as a byprod-
uct of nuclear fusion reactions in the Sun (see [41] for
review). Multiple reaction chains contribute, varying in
resulting neutrino flux and energy. More than 98% of
the Sun’s energy is produced through the proton-proton
4Neutrino Flux Max Energy
Component [cm−2s−1] Eν [MeV]
Solar(νe,pp) 6.03(1± 0.006)× 1010 0.42
Solar(νe,pep[line]) 1.47(1± 0.012)× 108 1.45
Solar(νe,hep) 8.31(1± 0.300)× 103 18.77
Solar(νe, 7Be[line 1]) 4.56(1± 0.070)× 108 0.39
Solar(νe, 7Be[line 2]) 4.10(1± 0.070)× 109 0.87
Solar(νe, 8B) 4.59(1± 0.140)× 106 16.80
Solar(νe, 13N) 2.17(1± 0.140)× 108 1.20
Solar(νe, 15O) 1.56(1± 0.150)× 108 1.73
Solar(νe, 17F) 3.40(1± 0.170)× 106 1.74
Reactor(νe) 4.95(1± 0.100)× 104 10.00
TABLE III: Solar and reactor neutrino background
fluxes.
cycle. Starting with the initial reaction of p+ p→ 2H +
e+ + νe, this cycle results in pp, hep, pep, 7Be and 8B
neutrino components. The remaining solar energy is re-
leased through the Carbon-Nitrogen-Oxygen (CNO) cy-
cle, which results in 13N, 15O and 17F neutrinos. The
solar neutrino background is independent of the labora-
tory location.
Specific solar neutrino fluxes can be inferred from a so-
lar model. The Standard Solar Model (GS98) [42] showed
a good agreement with helioseismological studies. On the
other hand, more recent constructions (AGSS09) [43]
that posses a higher degree of internal consistency, ap-
pear to disagree with results from helioseismology. This
discrepancy is the so-called “solar metallicity” prob-
lem. The CNO neutrinos are particularly promising in
this context, given their ability to shed light on the Sun’s
internal composition, and their observation potential in
future direct detection experiments has been recently ex-
plored [6, 10, 12]. For our analysis we assume the so-
lar flux normalizations and uncertainties as predicted by
AGSS09 (see Table 2 of [41]), which we specify in Ta-
ble III. The background in our study is dominated by 8B
neutrinos. Since the 8B flux difference between the two
solar models is only ∼ 20%, we do not expect a signif-
icant change in our sensitivity results if the alternative
model is employed.
2. Reactor neutrinos
Reactor electron anti-neutrinos νe (see [44] for a re-
view) originate from fission β-decays of uranium (235U
and 238U) and plutonium (239Pu and 241Pu) within the
reactor fuel. Since the considered isotopes are short lived,
the corresponding neutrino flux follows the reactor oper-
ation. The fraction of isotope contributions as well as the
average energy release per fission are given in Table IV,
following Ref. [45]. As a reactor operates, its fuel compo-
sition and relative isotope fractions change with time, in
a manner specific for each individual reactor. We neglect
these effects (an analysis including these contributions
can be found in Ref. [46]).
Isotope fk Ek [MeV/fission]
235U 0.58 202.36± 0.26
238U 0.07 205.99± 0.52
239Pu 0.30 211.12± 0.34
241Pu 0.05 214.26± 0.33
TABLE IV: Fission fraction and average released energy
for each nuclear reactor isotope.
Unlike the flux of solar neutrinos, the reactor neutrino
flux depends on the laboratory location and in particu-
lar on the characteristics and distances of the main con-
tributing reactors [47]. The flux of reactor anti-electron
neutrinos from an isotope k is given by
φk(E) =
Rν¯e
4pid2
∑
k
fkSk(E) , (1)
where Rν¯e is the emission rate, d is the distance of a
given reactor to the laboratory, Sk(E) is the correspond-
ing neutrino spectrum and fk is the fraction of the isotope
k in the reactor fuel. The neutrino emission rate is
Rν¯e = Nν,f
Pth∑
k fkEk
e ' 6× 1020
( Pth
1 GW
)
e s−1 , (2)
where Nν,f ' 6 is the average number of anti-neutrinos
produced per fission, Pth is the thermal power output of
the reactor, Ek is the fission energy and e = 0.75 (1±0.1)
is the average reactor operation efficiency that includes
shut-downs [48]. The uncertainty of the efficiency reflects
an uncertainty of about 8% in the reactor anti-neutrino
spectrum (see Table 3 of Ref. [49]) as well as an uncer-
tainty of few percent on the fission emission. This is
the source of the reactor flux uncertainty in Table III.
Approximate analytic expressions for neutrino spectra
Sk(Eν) have been constructed [46, 50–52]. We adopt
the spectra from the model of Ref. [51], which is based
on a phenomenological fit to data with an exponentiated
polynomial. The resulting expression is
Sk(Eν) =
dNν
dEν
= exp
( 6∑
i=1
αi,kE
i−1
ν
)
, (3)
where αi,k is the respective fit coefficient of order i. The
best values of the fit coefficients, as obtained in Ref. [51],
are displayed in Table V. Strictly, these fits are only valid
for Eν & 1.8 MeV. For uranium, Ref. [50] does not find
substantial deviations in the fit results for energies above
0.5 MeV. For other elements, the flux at lower energies
appears enhanced. Since this could be a model artifact
and not of physical significance, we conservatively set
Sk(Eν < 1.8 MeV) = Sk(Eν = 1.8 MeV) for all elements.
This effectively appears as a “kink” feature visible in the
5i 235 238U 239Pu 241Pu
1 3.217 0.4833 6.413 3.251
2 -3.111 0.1927 -7.432 -3.204
3 1.395 -0.1283 3.535 1.428
4 -0.3690 -0.006762 -0.8820 -0.3675
5 0.04445 0.002233 0.1025 0.04254
6 -0.002053 -0.0001536 -0.004550 -0.001896
TABLE V: Fitted values of the reactor neutrino
spectrum αi,k coefficients, for i = 1 to 6, for the
dominant nuclear isotopes (denoted by k).
resulting flux figures. Recent measurements of the re-
actor anti-neutrino spectra from Daya Bay [53] indicate
agreement with the predictions of the leading theoretical
models of Huber-Muller [51, 52] and ILL-Vogel [54–57]
at the level of ∼ 10% difference on the predicted anti-
neutrino yield. Since reactor background constitutes a
sub-dominant contribution in our study, we do not expect
reactor neutrino modeling uncertainty to significantly af-
fect our results.
We list the reactors considered in our study for the
Jinping location in Table VI.
C. Recoil rates
We consider two types of interactions in direct detec-
tion experiments, elastic electron neutrino scattering and
coherent neutrino-nucleus scattering.
For a neutrino flux φν(Eν) the resulting differential
event rate per unit time and detector mass as a function
of the recoil energy ER, per unit time and mass mI of a
target nuclide I in a detector is given by
dRIν
dER
= CI
mI
∫
Eminν
φν(Eν)
dσI(Eν , ER)
dER
dEν , (4)
where dσI(Eν , ER)/dER is the coherent neutrino-nucleus
scattering differential cross-section and CI is the fraction
of nuclide I in the material. When several nuclides are
present, for each type neutrino flux contribution φν(Eν)
the differential event rate is given by summing over them
dRν
dER
= MT
∑
I
dRIν
dER
, (5)
where MT is the experimental exposure.
A similar expression holds for electrons if we neglect
the effects of their atomic and molecular binding. In
the approximation of considering electrons as free in the
material, we need to take into account the charge number
ZI in every nuclide I. Hence, the interaction rate in a
Reactor Location Distance Output
[km] [MWt]
Fangchengang 21
◦40′15′′N
108◦33′30′′ E 998 12110
Changjiang 19
◦27′39′′N
108◦53′60′′ E 1206 3806
Yangjiang 21
◦42′30′′N
112◦15′40′′ E 1239 17430
Taishan 21
◦55′04′′N
112◦58′55′′ E 1318 1980
Ling Ao 22
◦36′17′′N
114◦33′05′′ E 1422 11620
Fuqing 25
◦26′45′′N
119◦26′50′′ E 1763 17740
Hanbit 35
◦24′54′′N
126◦25′26′′ E 2463 16874
TABLE VI: List of selected most relevant nuclear
reactors for Jinping. Columns contain, from left to
right, the name of the reactor, the GPS location, the
distance to the laboratory in kilometers and the
thermal output of the reactor in MW.
detector becomes
dRν
dER
= MT
∑
I
CI
mI
ZI
∫
Eminν
φν(Eν)
dσe(Eν , ER)
dER
dEν ,
(6)
where dσe(Eν , ER)/dER is the neutrino-electron elastic
scattering differential cross-section.
For a target mass m at rest (mI or the electron mass
me), the minimum neutrino energy required to produce
a recoil of energy ER is
Eminν =
√
mER
2 . (7)
The maximum recoil energy due to a collision with neu-
trino of energy Eν is
EmaxR =
2E2ν
m+ 2Eν
. (8)
1. Coherent nuclear scattering cross-section
The Standard Model coherent-scattering neutrino-
nucleus cross-section is given by [58]
dσI(Eν , ER)
dER
=
G2fmI
4pi Q
2
w
(
1− mIER2E2ν
)
F 2SI,I(ER) ,
(9)
where mI is target nuclide mass, Gf is Fermi coupling
constant, FSI,I(ER) is the form factor, which we take this
6FIG. 3: [Left] Electron recoil spectrum due to the indicated type of neutrinos for germanium. [Right] Total
geoneutrino electron recoil spectra for various target materials.
to be the Helm form factor [59], Qw = [(1−4 sin2 θW)ZI−
NI ] is the weak nuclear charge, NI is the number of
neutrons, ZI is the number of protons and θW is the
Weinberg angle. Since sin2 θW = 0.223 [60], the coher-
ent neutrino-nucleus scattering cross-section follows an
approximate N2I scaling.
2. Elastic electron scattering cross-section
The Standard Model neutrino-electron scattering
cross-section is [50]
dσe(Eν , ER)
dER
=
G2fme
2pi
[
g2ν + g′2ν
(
1− ER
Eν
)2
+ gνg′ν
meER
E2ν
]
. (10)
Here, the flavor-dependent gν weak couplings
gν(µ,τ) = 2 sin2 θW − 1 , gν(e) = 2 sin2 θW + 1 (11)
are enhanced for the electron flavor, while
g′ν(e, µ, τ) = 2 sin2 θW . (12)
The corresponding anti-neutrino cross-sections are ob-
tained via gν(ν) ↔ g′ν(ν) interchange.
The electron-neutrino cross-section of Eq. (10) is valid
only for a neutrino scattering with a free electron. How-
ever, the target electrons of interest in this study are
bound to nuclei. For larger recoil energies and smaller
nuclei the atomic effects are expected to become negligi-
ble. On the other hand, for recoil energies of few keV in
germanium [61–63] and O(10) keV in xenon [64] the cross
sections can become noticeably suppressed. Since we do
not perform a statistical analysis for electron recoils, this
effect is neglected.
3. Neutrino oscillations
The coherent neutrino-nucleus scattering is mediated
by the Z boson. Thus, this interaction is independent
of the neutrino flavor and the corresponding oscillation
effects. On the other hand, electron-neutrino interactions
are sensitive to oscillation effects.
Due to the long range of production distances, the sur-
vival probability of νe geoneutrinos due to averaged out
oscillation effects is approximately
〈Pee〉 = cos4 θ13
(
1− sin
2(2θ12)
2
)
+sin4 θ13 ' 0.55 , (13)
assuming θ13 = 8.5◦ and θ12 = 34.5◦ [65]. The
Earth’s Mikheyev-Smirnov-Wolfenstein (MSW) oscilla-
tion effects for geoneutrinos are negligible [23]. On aver-
age, 〈Pee〉 ' 0.55 is also valid for reactor neutrinos. For
solar neutrinos we also take an electron neutrino survival
probability of 〈Pee〉 ' 0.55 for all fluxes aside 8B, since
they lie in the region of vacuum oscillations of Eν . 1
MeV. For 8B neutrinos we take 〈Pee〉 ' 0.35, since their
energies are in the matter-enhanced oscillation region of
Eν & 5 MeV. This choice is consistent with the large
mixing angle (LMA-)MSW solution, as indicated by mea-
surements [66].
IV. PREDICTED RECOIL SPECTRA
A. Electron recoils
The left panel of Fig. 3 shows the recoil spectrum of
the three types of geoneutrinos in germanium (dashed
7FIG. 4: Nuclear recoil spectra due to the indicated type of neutrinos for xenon, argon, germanium, silicon.
lines). The electron recoil spectrum is almost the same
for all target elements. This can be seen in the right
panel of the same figure, where we show the total elec-
tron recoil spectrum (the sum of all three geoneutrino
contributions) for several elements. The reason is that
the ratio ZI/mI ' ZI/AImp, where mp is the proton
mass, which enters in the rate is approximately 1/2mp
for all elements and the differential cross section Eq. (10)
is the same, neglecting binding effects.
The backgrounds for a geoneutrino signal in electron
recoils due to contributions other than neutrinos are ex-
pected to be large. Thus, we do not examine detectability
of geoneutrinos through electron scattering.
B. Nuclear recoils
Fig. 4 shows the three geoneutrino nuclear recoil spec-
tra (dashed lines) for Xe, Ar, Ge and Si. The total
(sum of all three contributions) geoneutrino nuclear re-
coil spectra for these and other target elements are shown
in Fig. 5. These spectra, and the corresponding differ-
ential cross sections, differ considerably between various
elements. With the threshold we are using (see Table I),
Fig. 4 shows that 40K geoneutrino signal cannot be de-
tected either in Xe or Ar, and that 232Th signal cannot be
observed in Xe. The lowest threshold of 0.6 keV currently
employed in Xe-based experiments would not allow to de-
tect any geoneutrino signal. The most promising targets
to detect geoneutrinos are therefore Ge and Si, because
of the achievable low threshold as demonstrated by the
SuperCDMS SNOLAB HV (high voltage) detectors.
8FIG. 5: Total geoneutrino nuclear recoil spectra for
various target materials.
V. DETECTION SENSITIVITY FOR NUCLEAR
RECOILS
A. Statistical analysis
To determine the discovery sensitivity of a direct de-
tection experiment we use a frequentist analysis based
on the profile likelihood ratio test [67–69] used recently
in Ref. [3] and other studies [1, 70–72]. This test is per-
formed by generating simulated data sets for the exper-
iment, assuming a normalization (i.e. an energy inte-
grated neutrino flux) for each of the considered neutrino
fluxes φνk , which we take here to be the average theo-
retical predicted value φνk . Here k = 1, 2, . . . , nν , with
nν being the total number of neutrino contributions in
Table III as well as the geoneutrino fluxes in Table II
that produce recoils above the particular experimental
threshold. More specifically, for each of the φνk param-
eters we generate fake data consisting of a total number
of “observed” events No at particular recoil energies Ej
with j = 1, 2, . . . , No that we use to define the following
likelihood function
L =
{
e−NE
No!
No∏
j=1
MT
(dRtot
dER
∣∣∣∣
ER=Ej
)}
×
nν−ng∏
k′=1
1√
2piσνk′
exp
[
−
(
φνk′ − φ¯νk′√
2σνk′
)2]
. (14)
Here, ng is the number of geoneutrino species that pro-
duce recoils above threshold and k′ numbers the fluxes
of neutrinos other than geoneutrinos, with uncertainties
σνk′ taken into account. The total differential rate is the
sum of the contributions of the signal due to geoneutri-
nos, denoted by the index kg, and the background, as-
sumed here to be due only to all other types of neutrinos,
dRtot
dER
=
ng∑
kg
dRνkg
dER
(φνkg ) +
nν−ng∑
k′
dRνk′
dER
(φνk′ ) , (15)
defined in Eq. (5), respectively. The total number of pre-
dicted events NE is obtained by integrating Eq. (15) over
our recoil energy ROI and multiplying by the assumed
exposure MT. In Eq. (14) the extended likelihood (i.e.
the term in the curly brackets) is multiplied by a Gaus-
sian product of likelihoods, centered around the mean
predicted flux normalization φνk′ , for each background
neutrino species νk′ (k′ = 1, 2, . . . , nν − ng) to take into
account the uncertainty in the φνk′ fluxes. In the Gaus-
sian likelihoods the σνk′ adopted is the 1σ uncertainty in
the particular flux given in Table III (see Section III B).
As explained in Ref. [3], the procedure we follow to
obtain each set of simulated data involves two steps: 1)
find the total number of events of each type k (where k
numbers all neutrino types above threshold), and 2) find
the recoil energy for each of the fake data events. For
each realization of fake data, the number of events of a
specific type, nk, is found from a Poisson distribution Pk,
Pk =
µnkk e
−µk
nk!
, (16)
where the mean µk is the number of events predicted by
the model being tested, defined by the particular average
total neutrino flux φ¯νk , the target element, energy range
and assumed exposure MT. Choosing a random number
for the cumulative probability distribution of each Pk one
value of nk is randomly generated, according to an inverse
transform sampling. The total number N0 of “observed”
events is then N0 =
∑nν
k=1 nk.
To determine the energy of each one of the nk events
of each neutrino type we use as probability density
function (PDF) the corresponding differential recoil rate
dRk/dER normalized by the total rate (i.e. the rate in-
tegrated over the specified energy ROI for the given ex-
periment Rk) as (
PDF
)
k
= 1
Rk
dRk
dER
. (17)
The corresponding nk recoil energies are again obtained
with inverse transform sampling. With the above pro-
cedure, we simulate 600 data sets for each exposure and
experimental configuration.
For each simulated data set we define a test statistic q0
that allows one to reject the background only hypothesis
H0, assuming it is true, with a probability not larger than
some value α that denotes the significance level of the
test. In our case, H0 is the assumption that the flux of
geoneutrinos is zero, φνkg = 0, For our analysis we chose
α to correspond to either 2σ, or 3σ (i.e. α = 0.0228 and
α = 0.00135, respectively). The test statistic q0 for each
simulated data set is the profile likelihood ratio, defined
9FIG. 6: Minimum exposure needed to obtain a fraction F of simulated data sets in which there is a detection of
geoneutrinos at the 2σ (blue) and 3σ (purple) level in Ge, Si and Ar. The solid (dashed) lines in each band assumes
the current (and ×10−2) systematic errors of Table III. The gray shaded region shows F > 0.8, where the chance of
a type-2 error is small (< 0.2).
.
as
q0 =

−2 ln
L(~φνkg = 0, ˆˆ~φνk′ )
L(~ˆφνkg , ~ˆφνk′ )
 , ~ˆφνkg ≥ 0
0, ~ˆφνkg < 0 ,
(18)
where the φνk′ are treated as nuisance parameters. The
hats refer to values that maximize the likelihood, with
double-hats referring to values maximizing the likelihood
subject to the constraint φνkg = 0. Note that by defini-
tion q0 ≥ 0, with larger values of q0 indicating greater in-
compatibility of the simulated data with the background
only hypothesis H0. Thus, we require that the probabil-
ity p0 of having a q0 value larger (i.e. more incompatible
with the data if due to background only) than the “ob-
served” (i.e. than the q0 of the simulated dataset) qobs0
p0 =
∫ ∞
qobs0
dq0 f(q0|H0) , (19)
is not larger than α, p0 ≤ α. Here, f(q0|H0) is the PDF of
obtaining q0 under the background-only hypothesis H0.
In the large sample limit, Wilks’ theorem ensures that
f(q0|H0) is given by one half times a delta function at
q0 = 0 plus one half times a χ2 distribution with ng
degrees of freedom [67], with ng corresponding to the
number of geoneutrino species contributing to the signal.
For xenon ng = 1, argon ng = 2 and for germanium
and silicon ng = 3. In the analyses detailed below, we
require a value of α corresponding to a Zσ significance
with Z = 2 or 3, namely α(2) = 0.0228 and α(3) =
0.00135. The value of α corresponding to Zσ for ng =
1 (namely for 1 degree of freedom) can be obtained by
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requiring, approximately, that qobs0 ≥ Z2. No similar
approximate condition exists for ng = 2 and ng = 2 and
the lower limit of qobs0 is found numerically.
In the Fig. 6 we show the fraction F of simulated data
sets generated with a particular exposure MT that fulfill
this requirement, for Z = 2 or 3. Namely, we determine
the fraction of simulated data sets that produce p-values
pi0 ≤ α(Z) (i.e. those resulting in ≥ Zσ detection of
geoneutrinos), by computing
F (φνkg ,MT) ≡
Nsim∑
i=1
1
Nsim
{
1 if pi0 ≤ α(Z)
0 if pi0 > α(Z)
, (20)
where Nsim is the number of simulated data sets with
fixed parameters (φνkg ,MT).
Notice that the fraction F is the “power” of the test
of H0 with respect to the alternative hypothesis Hσ, in
which φνkg 6= 0 (e.g. [60], Sec. 40), i.e. F = (1 − β).
This means that the probability of not rejecting H0 when
the “geoneutrino detection” alternative hypothesis Hσ is
true is less than the value β = 1− F .
B. Results
Fig. 6 shows the two bands of fractions F of simulated
data sets generated with a particular exposure MT in
which there is a detection of geoneutrinos at an xσ level
with x ≥ Z, for Z=2 (in blue) and Z=3 (in purple), as a
function of the exposure MT, for Ar, Ge and Si composi-
tions. The higher exposure boundary (solid line) in each
band assumes the systematic errors shown in Table III.
The lower exposure boundary (dashed line) of each band
assumes instead a very optimistic scenario in which the
errors have been divided by a factor of 100. The gray
shaded area highlights the region of F > 0.8, where the
chance of a type-2 error is small (i.e β < 0.2).
With a Xe target even a 2σ detection of geoneutrinos
is not reachable below a 500 tonne-year exposure, the
largest we consider. The reason is that for the 0.1 keV
threshold that we assume only a small portion of 238U
geoneutrino signal is observable (see Fig. 4).
Fig. 6 shows that the most promising detector configu-
ration for geoneutrino detection is based on Ge, because
of the lowest potential energy threshold.
VI. SUMMARY
A measurement of the level of geoneutrino emission is
of utmost importance to determine the fraction of the
heat emitted by Earth that remains from its formation.
The major uncertainty is due to the unknown mantle
contribution to the radiogenic heat.
Direct detection experiments have a clear advantage
over scintillator-based experiments, which have been
used to study geoneutrinos thus far, in that their thresh-
old could be low enough (at least in Ge- and Si-based de-
tectors) to observe geoneutrinos with energies below the
kinematic threshold of 1.8 MeV, the lowest neutrino en-
ergy required for inverse beta decay. This means that 40K
geoneutrinos can also contribute to the signal in direct
detection experiments. A measurement of the present
level of 40K with respect to the levels of other geoneu-
trino types could provide insight into Earth’s “volatil-
ity curve”, a central quantity for Earth’s formation his-
tory [14].
In this paper we computed the electron and nuclear
recoil spectra in different target materials. In Fig. 1 one
can see that the geoneutrino electron recoil rate is about
one order of magnitude lower than the rate of CNO neu-
trinos, whose detection sensitivity has been recently ex-
plored [6, 10, 12].
For the detection of nuclear recoils from geoneutrino
signal we considered several potential experimental se-
tups with optimistic thresholds and located in the Jin-
ping Underground Laboratory in China, where the ex-
pected geoneutrino flux is significantly larger than in
other laboratory sites, because of its proximity to the Hi-
malayas, where the crust is the thickest. Assuming that
radiogenic heat accounts for most of the heat emitted
by our planet, a viable possibility, we study the minimal
required exposures for a geoneutrino observation at the
2 and 3σ level, if the background is due only to other
neutrinos (solar and reactor neutrinos).
The results of our analysis are shown in Fig. 6. The
most promising target material analyzed in this study
for geoneutrino detection is germanium, which could have
the lowest experimental threshold, if the exposure reaches
O(10) tonne-years.
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